
'r

(/)
U

)
()trF
r

z

tiC
)

apAO
i

,a

i.gP
., 6 E

'=
<

e€E
-1 Z

t 
,tY

 -o

s<
E

q)

+
.()

O
0

tr5
6-
zrau(-E
Y

crod
-.!teq)9

-J .E
T

Y
J 

! 
.)

=
i-.!-.=

:i.r--
U

:
rjiaql-
2E

S
l

\-.a..4

e (+
r S

 
ho

.2 0'H
 

ax
t 

O
 

Y
 

-i 
=

o 
b0:l 

;i 
i:

_c 
o.!: 

F
 

()

E
 Z

 $p E
 B

2O
rr.l E

-IE

O
IJ 

>
-

- 
+

r tr 
boE

.2 0'F
 

aE
E

 $B
 

E
E

E
 =

 S
=

 E
 B

zO
I! 

E
-IE

oe-i S
 

ho

E
 $g €E

E
 E

 $: E
 B

zO
rI] 

E
F

IE

rer 
3' 

ho

E
 H

,g E
E

E
 E

 s=
 E

 B
zQ

I! 
E

F
IE

c)

V
F

 P
ao'6
293
aE

:)

r-caca

zsC
O

 tr-
2aooF

-
o\

I
r-o\coI
rnN\o_
\a)t
cao\I
oot--
o\

!
o\$o\s

I

I 
ol

c.l
\oI
oot--
o\

I
tr.
lr)
caooI

ff*I
caI
ooF

-
o\

H
G

I.g 
tr

6=
 

o
NNN

NNN

6lNN

NC
.i

N

:! 
I-

.=
F

cs
i.jn

Z
tr

ot-,f
C

g

z

PC
€

FoI

z

dt4o+
.l

Lr
o

9q,
r-=
tH

 
l:

o 
.q)

z(.)

"oc
_H

lV
 

.\ 
v 

I
d 

x.\rjr
A

Y
r\

-Y
g 

17
.l_i 

c)l 
\J 

-
E

exffi 
i

0()l-.i\li)
E

O
t-i?<

\
U

 
.\ 

# 
L 

-
H

\J+
rlili

of"cr
! 

d 
v

+
'.=

 
6J tr

l-t{d6)
e()+

.n
6) 

!,r * 
c.i!

,i?-)
!!

LV
F

;c)

q)

tH
()

oQ
<

oG

ar

a9<
3vd-

il 
b 

.=
A

T
.e'=

 A
Z

=
E

 E
d<

+
:E

tsLbo
ta&

 
o 

tr'
'E

 8: E
 .=

'a
g,oC

0c4D
o

-.L
.E

.8q
=

 qt
,E

{ 
7

H
E

rrr

a/)
ool-roU

)
O&lio">

=
o

-oqc)
eO

o
V

Lrd
g >

.9
,Lr(J

<
 trl ca

C
)

obo
.-l 

(U

'i 
c-r

oJ9
'iJ 

d

j5 
.ii

0)

+
r()C

J

trq)
z

VzHt<

zca$i

J<zHli
t-.]

zcd

+
lti

az
N

c.)
<

.

b0ti

'd()o()lioU
)

boC
)

C
)

C
)

goooti
edo(tti(.)
P(dC

4

C
)

(/)

-o,Jqv)9ioC
g

&.d(docr)

-ogaJZo-oaoo(.)

v)lrogO(n

J1+
rtiC
)

.ozc1clca



()+
) 

q)

O
.h

dh
Z

_v
(!) E

 h8
-<

 
cs o-o

I 
eE

 
>

\
obE

E
H

n
E

#gE
S

 il

(BO
k

.i 
0-)

=
a

a 
()-o

,Z
tsi

I-H
lJI

b0

.$r
+

rHm

o.l9.
qoc2 

.q
tV

b
I 

a-r=
)d-

H
 

-
F

qo 5.
xa9 

t- 
E

Y
cs o 

6
H

.-ar()ii
-9-E

f 
E

=
ir.|-.=

'i.E
.-t

i:E
orE

2trE
=

\l-(-Q
r

bo 
*,

- 
+

r 
tr 

O
O

E
.2 0'F

 
ax

E
 

C
) Y

 
.i 

=
o 

bO
ll 

;i 
i:

_e o.=
 

F
 

o
E

 Z
 3,=

 E
 E

Z
O

rr.l E
t-IE

-.*i 
S

 
ho

.2 0'F
 

aE
E

 8,8 
P

E
_c o.=

 
F

 
o

E
 Z

 $=
 E

 B
>

O
rrr E

S
IE

-+
r S

 
ho

.2 0'F
 

as
E

 
O

:<
 

'-i 
=

€ sH
 

E
 ti

E
 =

 3,: E
 E

Z
O

I! 
E

F
IE

-+
<

 3, 
ho

.2 0'q 
as

E
 H

.g E
E

E
 E

 E
,=

 E
 B

2O
T

J.] E
F

IE
0)

74ao
iA

- 
i

ao€
Z

P
U

rA
E

L
l-l 

=
 

lJr

I
t--
\ot'-ooI

co-
I

caI
@tr-
o\

I
oof-I
c.l

-\o^
o\II
oor,-
o\

I
ooN

I
t--
cotr)

$oo
I

coo\I
ooF

-
o\

I
tr-
c.t
ralI

frco
I

cao\t
oot--
o\

;i6I.: 
tr

cr7 
o

NNN
NN

NNoi

No.l

N

.=
F

cq
iJn
Z

tr
dt4lio

k(.)

cd(B

z

a<

z
9q)

i-=or .0)

zQ

ooo
.--

n 
X

o.lz/
€ 8dz
F

exffi 
i

o 
Li 

i'.: 
-'-i

E
E

G
Z

z
o?"or

IVr.=
 

ol 
tr

LrE
t0)

eq):]
o 

!?t-qY
v 

-
!Hi-. 

i 
o

F
A

9

()

(H
()

o9i
olG

,

qiotr
2dA
H

:A
'\

\)
Y

 
V

 
C

O
 

(/)'F
"a) 

5
rr 

d 
gU

 
a-l 

'-
F

-=
t<

E
L!e

E
E

 }E
E

 E
E

JU
r!O

O
odE

#E
-9 

-9 F
E

€ s€ 5E
E

 $E
?E

qtro.Ig5
M

n&
ao

a

3E
q

+
i 

ci,=
o-(J7
.:* 

1
ts5lr

9oo
N

:F
E

S
eiE

r:cB
h6)

B
 E

 .S
.E

O
 

t+
- 

-C
C

 tr.i'i 
c)

U
A

P
19v 

n 
d

\J o.=
 

tr

acnoC
)

:̂:AaE
 

6
.r 

(.) tr
=

r-'()
x 1p
i{Y

cdU
a 

d 
tr

a+
i 

C
)

e)

tr9
z

szEcatr
&

tr
'E

o
a&

U
)!

oG
il

u) =
r 

!s
oa-2
45A

r!
C

or,!-
.!il45
E

E
+

d
d

A
 

rn 
-il 

G
i

-vlr_E
Lr sr 't 

ui
aoca<

tr
aAoar<

.!
O

 q 
r-.i

13 -q 
63

263\<
cs >

4
i63tr
(sr-o
E

>
{€

!ri'rl
acofi

..1
oz

la)
\o

tr-
oo



arn(.)
tiP

.

oz

U
)

$ioda
q1,
ofi

U
)

lroV
)

A
H

U
E

ofi

U
)

tiOa
a4'\ 

!

U
O

r

q)

*, 
q)

*EO
a

q)=

c{ o,
Z

a+
a

P
diJ 

(J

(B
{l

>
d

oo 
*,

- 
qi 

tr 
bO

E
v)o'E

oF

E
 $H

 E
E

E
 E

 $: E
 B

>
O

I! 
E

F
IA

b0 
*,

- 
+

i 
tr 

bO
E

.2 0'x 
a x

E
 H

'E
 E

E
E

 E
 S

=
 E

 E
>

U
lrl 

E
F

E
E

bo 
*,

- 
qi 

tr 
bO

!
a 

O
'E

 
o 

q

E
 H

,H
 E

E
E

 Z
 S

=
 E

 B
>

U
trl 

E
F

;E

bo>
l

- 
+

r tr 
hO

E
toO

'E
O

q

E
 H

,E
 E

E
E

 E
 $g E

 B
>

U
rrl 

E
F

IE

rarJ(:E
V

 
U

I
.-qJ(,)ij
-9 d 

I 
L

g E
.=

.9
E

iaqll
)c!=
\i!a

bo 
*,

- 
+

.,i tr 
bO

E
a 

O
'E

 
O

 
q

E
 P

"U
 

qF
; 

d.g 
H

 6
-fi ii 

O
om

 
o 

I
.Y

O
d=

cr-.
>

()E
] 

E
F

IE
I

$t
I

ca$.nI
cao\I
@t--
o\

ra)

\os
z€c0h
s€oor-o\

I
*

I

cnE
\ 

c'.r
I

cno\I
ooF

-
O

'l

I
oocas

I

co$.oI
cao\I
oot-r
o\

q)

>
F

.bo
f;- 

!!
A

O
,6

z9a
7^E

rr
iS

llr

t

NcaI
.+r-.
u.lv

I
coo\I
oot-r
o\

NaiN

NNN

NNN

NC
N

N

NNC
.l

r.! 
E

cq: 
o

t9r

z

dz

cOdPz

.9F
c

Z
tr

f.f

z
(B

Z
o-c)

o) .q)

ze.E
$ 

E
-.=

 
o.l tr

(!i 
- 

O
)

:v-
eo)-n
or !,1 * 

..:
t 

v 
A

 
)

e).i
.rY
tiA

 
u

o*r 
c)

o9r
ocl

ti

.h

o b-
E

rrY

=
 E

t
'!5 

!
aeq
L' 

O

f4

xu)o
.Y

 -V
 .n

T
ts -

H
P

}-i
o ().=
l-.t z a

b0)qoO,tra

qrov)
v) 

c)
(siJ

E
}

()s
H

<
H

N
It 

l-.1

abo

€-:Y

.9>
i E

 d
9V

^-
9eH

9
)c)=

x
E

 
di 

s,
O

 H
F

 
X

ts"9.'' t
tr tr \;
- 

- 
.. \

qfr

€dL(s(J
a

C
A

,-.9 
I

gH
 

I
5N

F
3E

.o I
5 pn=

.9
qJ ooo 

tr

q)

+
r 

c)c)

tr9
z

J-o>
rdH

)Y

:H
E

 
E

 
U

udvr
!!rw

.-
!)^/i)'-
'i.! 

n-E
 

%
cu-d-ii 

0)
a)-'-: 

!
d-i552

^L:o
E

A
 

E
^d

C
drh 

S
\rV

-V
J-c€xE
- 

ai5t-lJ
6.)C

ilF
*i

hE
; E

 fr
..-!l 

4l

oA
E

M
>

!-:
da*/^il
tH

*p
N

 
! 

'!? 
d

4trP
E

!d
::d

E
A

./]E
'E

H
,h'? b- # 

B
'

! 
. 

._ 
t:

55F
>

A
2

-i<B
.^

.l$U
!

S
 E

'$H
 

H
4./d=

=d 
_.: \,/ 

-v 
c6

U
cdu: 

!.i E
!.*v\v
6'a<

3riR
'

! 
L 

. 
F

li 
li 

*i 
.;i 

tr 
N

enoaA
z

qO
.*

o!=
_v

!lv
rl]&

..:
az

o.\
t

ol
ca



o{r. 
()

O
a

c(ir
Z

cndoP
P

(C

=
o

c0 tl
B

d

Ad,os
H

 E
g

H
0)v)

H
-.i

tuzH
=

-]J<
F

r

2e,olo
! 

I 
.:

lIl 
/.)! 

)
A

H
*

+
toa

--.i
^>

vi
*-d

JF
.l<

F
.

+
l

rr)

ra'P
l:E

Y
cg 

o 
o

I
.-C

r0)ir
J-

E
tl

.!E
.=

.9
'j.--l

E
-?9i

4!t
\-+

)q

bo 
*,

- 
+

i tr 
bO

E
'(n O

'tr 
o 

F

E
S

g E
E

E
 ? 3E

 8 X
>

Q
i! 

E
F

;E

€bO
 >

r
-+

i 
tr 

bO
o o'E

 
o

E
 P

"U
 9

_E
 d.g 

H
6 =

 eP
a

- 
v 

H
 

v
>

or!-

€bO
 >

r
-qr 

tr 
bO

.2 0'H
 a

E
 $g 

E

E
 =

 P
E

>
O

I!F

€b0 >
r

-qi 
tr 

O
O

.'no'E
o

E
 $E

E
6 =

 lP
a

v 
! 

u
>

O
T

!F
o

T
{iao

;;- 
E

aoE
z9a
T

A
E

L
t-i 

=
 

lfi

$E
.€

cn !-l o 
o'

*l^\-N
A

eA
E

ca 93 7) il\
H

vr--oo)l
F

-
o\

II

c.l ^
Y

r
P

E
b\A
zNm(r)

I
o\I
anY

r
rF

r
xco
-to
JO

\
a.F

q
a

I

ta)
\oY

r-
*lrO

\
O

O
 1r)

tr- 
oO

O
\tr)

zcqa

r.X
 

tr
d=

 
o

NolC
-l

NNN

olNN

NNC
ti

C
E

9H
cq

ijnZ
tr

(6

z

otroI

oI(d!-i
o

Ia6l-iO

o 
.c)

zc)
z

z

-- 
bo

.!u-

H
 E

 8 E
 A

 3o^
6.9 F

U
 tr O

F
aR

 
C

 
^E

oN
C

N
 H

&
 U

- 
5?

a 6 tr l-rE
lr

R
=

E
s H

gg
of"6)
.gY

()
+

..=
 

o 
tr

t-i 
H

 
G

l
:v-
e()9n
O

J !,1 c+
t 

c.Y
t 

I 
A

!!.iY3: 
U

z
z

FNOO

0)

tll()
o9r
cret

3

a
-.L

-E
jrX

=
 E

t

':{ 
=

F
E

)rr

U
)

C
)

b0o
€ :
xcii 

-c
oo
E

q)

aotrou)
E

 n 
E

(-) 
)i 

P
0()o?

- 
.-l

trl E
 cn

!rO
L

o=
 

q)

B
 gB9^

Q
l<

F
r

U
) 

C
')

o.qd
,:€bo 

.. 
.Y

o5-
^ai
A

 
U

 
U

d :r'E
 m

P
T

:
-v!

9o!}
>

A
v9

2rH
()63

=
--i\<

r
A

.=
L\A

E
s-s

rh-O
a

s E
 S

.b.g
(s!-H

cg
_dO

'ai!P
'o-); 

oE
A

.E
gE

X
H

S
E

 E
 i E

 g
69 

E
 E

E
h

etH
()

c,)

E
9

z

qO
.*

atr
'(J 

=

=
_v

!v 
;i

Lr 
lv

r! 
F

4

t-i=
C

d
str
z1.: I
>

z

!5C
s

tr($

z6.,4)

>
Z

>
.

-V3dM
E.x

A
S

.-:
az

.+
n

r-



o+
)o

tE
E

O
a

o=C
E

 i..
z

a

X
E

-\oC
B

 .O

atu

U
)

o
X

H
U

_
csp
atu

ra'9 
t- 

t
Y

cE
 o 

o
.r 

C
', 

6) 
ir

---!
!!

5i-...=
:i.F

--
(ri 

- 
-- 

A
ctiavr-
4!*
\trtrC

.

€bo >
,

-+
r 

tr 
bO

q) o'E
 

o

E
 H

,B
 E

E
 E

 S
E

2 () rr.l F
-

€
-+

r S
h

a O
'tr 

O

E
 H

,B
 E

E
 E

 S
E

zQ
T

!F
q)

>
{iuo

aoE
z9u
:o,E

:
J

I
o\r.)I
t-.
cat--
$.nI
cao\I
oo(--
o\

I
o\rnI
r-.
cnt--
$rnI
cao\I
oot--
o\

I.g 
tr

cE
: 

o
c.'l
N6l

NNN

v!rcq

Z
tr

z
z

oo 
.q)

zeqJ ?" 
c)

Id+'.=
 

o 
tr

L,t{a0)
iv-
eq)ft!

I 
g=

q-:
rr 

li
i)io
F

^9

0)

tlr 
C

)

olcl

F
r

a
-.L
j3q

=
 E

t
.:{ 

t
3;lr

+
ioE

LA

=
 

.9 
a:g

csP
r=

-qE

=
 ni; S

^ E
s!5

o,v.=
 

,-.:iiq
H

gS
E

€E
t.=

o=
oo

cdtr=
aR

iY

i #.q E
 s s i€e 

E
 t

€
adX

i 
;=

6 
o

i 
hct;,H

H
.H

IE
 :

Y
<

oO
(.)6)o-O

.cj;;i^ia

H
H

E
E

E
$T

isE
E

H
gE

{; g E
 E

 S
 E

 5# gF
 E

,E
 S

O+
r'q)

.,otrtt
z

trC
6

ts

J1!F
:

tiHtrti

oz
oo

o\



c)

*. 
q)

O
.n

q)=

G
l 

ir
z

t

Lh *o- €
LL2V

 
T

-L
q 6i27,Y

 
I

-&
E

 3€ E
u 

ci b
.j<

o:O
 

E
O

()

5
;i 

-o- €
O

 
Ii,.- 

-
r-U

LT
>

r
t.;irH

-!;'

E
 E

f {€9 
E

!q.i;LLy.F

=
 3e E

U
 d b

J<
dC

 
E

U
O

oo
oi

o)ilr/)

F
 6€

=
o)lv

E
l 

-r -r
E

l 
E

I E
l a

E
l ,E

l =
l #l

.:-it 
!t 

>
t 

F
t 

9t

fl E
l E

l sl €l
6l al nl a .el

.E
l >

l
!l 

O
f,

=
l E

I ol
H

t ot ct
u, 

H
t.ti,

oO
 ci:l l.l.,ll

.*l 
-l 

-l
E

I F
I H

I
E

I >
l 

bd

rn-P
r-E

Y
cE

 o 
o

.-qr6)ir
!-

E

=
.E

E
3

!E
.eE

1i!a

€
s(+

r S
h

a.O
'E

O

E
 $E

 
E

E
 E

 $E
>

O
I!F

€b0 >
r

-<
rr 

tr 
bO

u) O
'E

 
O

E
B

H
E

E
? P

B
>

O
I!F

oo 
>

l,

- 
+

i 
tr 

O
O

!
u)o'E

oF
E

 P
"U

 
9F

; 
il.g 

F
 

6
x E

 
oo-r E

 F
JC

O
d=

()a'
>

U
t! 

E
F

IE

b0 
*,

+
i tr 

ooE
v!ux

8,U
 E

E
c.r.! 

F
 

o
O

0rt 
O

 
9

oe=
o.a'

U
rrl 

E
F

:E

(hoz
0)

zf s
aot
Z

R
U

2 ! t

I
c.i
\o@01N

I

fl o.
\oI
caI
oor-o\

I
co\o\orrl
o\I

1mON\oI
ootr-
o\

I
$

t

il+J.A
N

-
x+.:i 

d
'z -.
oa

\o 
\o

r=
I

-x#
9P

-E
X

-
;,5;c
t-- \O

 t-- =
A

IA
\

.. 
- 

u
Z

*Z
;m

 S
 

;A
A

(n-a

c(=
 

o
NolN

NNol
NC

.l

c.l

N

-9 F
'c

ijnZ
tr

{iLo
ai
!O

oPlio

d.trO

oC
) .q)

ze

4z

dbO
5.E

b
; 

I 
=

 
'\-

! 
J 

Li.r

.E
 E

 O
 H

 bE
C

d er 
O

L) G
i 

C
 

Lr
;0r.-'H

.5'=
:

!-
'O

(J:-O
Iza

L,=
_Q

=
+

-r
cnE

(iE
Z

 
dC

n
-, 

q)
gU

w
Ir.=

 
o 

tr
l!-6)
tv-
eq)+

.i
o 

qi+
rd

vA
)

+
. 

Li

F
.,. E

. 
U

z

H
9

(Jl!xo
,^ 

,. 
^' 

; 
H

lrY
H

'7)*
!)a<

.!'a
9P

E
 o B

.! 
b

.H
 U

 >
'F

 
,r'Y

,
H

 d t'* 
E

 
E

x*E
E

-tr
<

itr|r')dE
.E

q)

clr 
q)

oor
oct
3

z

-. : 
€

S
/'=

rt(B
a.yxo
'.=

i^;H
of- 

a*
N

 o r.=
.6

H
. >

,F
 

aY
! 

S
lt 

o 
tr

(J)4F
1(E

L,/(,cdE
.=

th
-.L
.E

+
.Y

rr E
f

r- 
,j! 

=
i:ae
L' 

O

x
f()tr=
o'()
859
5 r) 

a(B

5.eE

H.O
du)

*tru
.r.-!
U

):.a
40.):iJ

,li 
! 

ti
O

r fr. I!

a
cae

"6d!34
t9!v 

-i 
0)

=
!9bO

U
;!d

ot 
()::

'A
nA

 
S

l

z
o(r()

()

E
o

Z

C
C

trC
B

-ol-iOC
)

r,i

A
&

ti
€

C
d

tiC
)

C
)

M
A

A
d

>
,

D'tr3cd
atr.=
t<

 
;J

C
M

'U1tr
lr 

;J

N
M

..:
az

N
N

NN
cAN



()*. 
6)

O
u)

4)=
tiaC

i6.
Z

-!9*
F

9
!t-i!!u
-^()(B

5
f.iU
F

-1#,cs
6)eC

).!
Z

<
*^)=

1
F

bo
P

.=
 

i
q 

H
-c

P
()r/)

=
 

(g-o
-:: 

O
 

-,(
196

bo
lJ.=

 
tr

q tr.c
p(-)a

tva

ra+
'| (r 

E
Y

G
i 

o 
o

ts
.rcrG

)-jj
---EIY
.:i E

.=
 

.9
li.---
U

P
ljri 

ta 
c/ 

-
2E

E
=

\--o.

5 +
r 3t 

ho
.2 0'F

 
qs

E
 80E

 P
E

3 
().=

 
F

 
O

E
 E

 $: E
 B

2Q
Il] 

E
t-;E

e +
i g' 

ho
.2 0'F

 
aX

E
 H

,E
 E

E
E

 =
 S

=
 E

 E
>

O
IJ] 

E
F

;E

-+
i 

S
 

h"o
.2 0'..i 

ax
E

 9,8 
P

E
_tr o.=

 
F

 
()

E
 E

 E
,=

 E
 B

zO
rl] 

E
-IE

o
zE

 
bo

a;.=
A

O
rO

Z
P

U
atr!
-=

lli

cncnI

oiC
.l

zV
)

a

tr-
ootr)
<

f,
t--
sc.I
\ooot--
o\

o\
\ota)
\o\oooooooo\tr-
o\

^6I.9 
q

cq: 
o

-9i

C
'I

Nol

NNN

NNN

! 
I-

.=
F

6t

Z
tr

C
d

z

ol-i
o

?4(BliC
)

9q)

0) 
.q)

ze

q-rol=
 

P
 

v)

;E
N

i:*u-
00)(.)-,Y
-c'- 

()g
| 

=
, 

>
-.

L'V
H

A

z
z

q)n6J
I 

d 
v

{-.=
 

o) tr
trE

aG
)

iv-
eq)!n
q) !?e-d

v 
A

 
)

eli
i- 

i 
o

F
;9

gg !E
 

g 
z

E
 ,, E

 ;" * 
il'=

 
S

 
'a 

v)

E
E

g E
; B

F
"€ qs

,f E
 € E

 15$ 
H

 E
 gE

z
z

()

+
r 

C
)

oQ
i

€) 
cl

H

E
 .ra 

>
'

E
': 

E
b 

30 
r

Y
.",-bo=

-^7.Y
E

 
+

 
cg 

d 
=

:iJ'=
; 

a 
a

vJ-:vL!

u E
€ E

:'4 3€ 
g 9.

,F
 a € F

 iB
T

 
H

 E
 gE

z
z

a
.. 

tr
.E

 ... 
:

=
 E

'E

,E
* 

=
-X

lJr

z

+
iU
)

a! 
Q

.)

(tri{e
c=

 
ai

.! 
a 

-
;i 

v 
v

'n 
-{ 

.=
 

ct)

=
=

a.a
i, 

Lu 
-

xdd
I! 

E
E

 
5

+
r

thrh 
i.i

d'E
c

ds<
/

oo8,)

Ll 
(6 

\J

q)

+
r 

e)o
ll 

q)

z

!rcd(gti(s>
.

bo
.=A

-.

=
 -h. >

,
-'9#_

r-uxoY

'^alr
9tnX

.(s=
A

LLrrw
H

O
q>

F

d=
H

A
E

 G
4,*

s-s55
' 

L!Y
 

',U
 

!w

..:
az

$N
tr.)
N

\oN



c)

*' 
q)

O
th

tr=
C

E
ir

z

qt
^9

Z
S

E
A

E
H

 
4.4 

d
IJi;i=

.iF
T

h 
JH

E
\J=

+
r 

cC
 

q)

&
aE

e/.r1
=

E
tgE

#I:eB
B

E
rn€ 

l- 
E

Y
c 

o 
o

i.-
.-vq)-
-!-E

JE
5 

i- 
.f.! .=

:i.---
H

;oE
2E

S
=

\-+
.O

€
+

!r 
S

h
a 

O
'tr 

O
'cJO

H
-i

€ S
E

 
E

E
 E

 S
E

2(JrI]F

€bo Y
-

-qi 
tr 

O
O

a 
O

'E
 

o
'O

O
:<

-i
€ T

E
 

E

E
 =

 S
E

zQ
rI]F

6)

7F
 v

aoE
!irio
Z

:E
.,rE

:
J

$tr)
ooca\o\o<

j'
caaaootr-
o\

c.)
(a)
Nta)
(r)

NNvootr-
o\

=
HI.g 

s
c7 

o

-9r

NNC
"I

NNN

.9F
ec

Z
tr

o63Lro

(dPdLr
o

9 
q,,

E
q,

o).()

ze
z

z

o?"c)
r 

t 
v

:.=
 

o 
tr

crH
dG

)
:v-
uq)+

.n
o 9?,*{

- 
v 

-
9H
i-.io
F

;9

z
Z

0)

tE
 

q)
o9i
ol6!

F
r

z
z

aL
-E

8q
! 

E
f

,!{ 
7

F
E

H
r

C
)

o0L>
.

r+
tr

P
OO
o

()
U

 
d

bo'E
<ŵ
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Abstract — Multilevel inverters are a viable solution 

for meeting rising power needs at both the generating 

and utility levels. The magnitude of the voltages 

produced in the solar photovoltaic (PV) systems is also 

low. This paper presents a two-stage seven-level inverter 

for solar PV systems with a three-level boost converter 

for boosting the input voltage for the inverter. The 

proposed inverter is compact in size and is capable of 

delivering a peak voltage magnitude of six times the 

input voltage. The control signals for this topology are 

generated using conventional sinusoidal pulse-width 

modulation techniques. The proposed topology is 

modular and can also be cascaded to produce higher 

voltage levels, or it can be configured to operate as a 

seven-level inverter with a higher output voltage gain, as 

dictated by the control signals. A detailed comparison of 

the proposed topology with conventional inverter 

topologies are also presented. The simulations are 

carried out in MATLAB/Simulink environment and the 

results are presented.  

Keywords—Multilevel, Boost converter, photovoltaic, 

cascaded, modular. 

I. INTRODUCTION  

Photovoltaic (PV) systems has become increasingly 
popular these days because of their benefits in terms of 
inexhaustible availability, pollution-free operation, and ease 
of use [1]-[2]. Inverters, as a key component of solar 
systems, play a critical part in lowering harmonic 
performance and increasing system efficiency [3]. Due to 
their unique qualities, multilevel inverters (MLIs) are more 
appropriate for PV systems than traditional two-level 
inverters [4–6]. Lesser dv/dt, reduced device voltage stress, 
improved output waveform quality, and smaller filter 
inductance are all advantages of multilevel inverters [7–9]. 
These advantages make it easier to handle photovoltaic 
application demands.  

The potential of photovoltaic-based renewable 
energy sources has been proved, with around 700 GW of 
solar capacity produced globally by 2020. The rising 
penetration of PV-based RES into the electric grid has 
piqued researchers' interest, resulting in the creation of 
compact, extremely dependable, reduced cost, and highly 
efficient grid-connected solar power production systems. 

Multilevel inverters have been under development for over 
three decades and have successfully been applied to a wide 
range of industrial applications [10]. The primary reason for 
their quick adoption as a viable choice is that they enable 
users to overcome issues related to semiconductor device 
voltage and current ratings in high and medium power 
applications, which is a distinct advantage [11]. 

Because of their simple construction and higher 
effectiveness, two-level single-stage structure associated PV 
inverters are broadly utilized in enterprises and private 
applications. In two-level single-stage inverter structures, 
environmentally friendly power sources like PV/fuel cell 
units are normally allied in series to meet the network 
maximum voltage. Nevertheless, these inverters have 
various downsides, including uninhibited maximum power 
point tracking (MPPT), an awkwardness in power sharing 
because of incomplete overshadowing, which causes the 
non-concealed PV board to overheat, and a lower level of 
functional safety [12]. It likewise requires high voltage-rated 
power semiconductor switches and has a low result power 
quality.  

Therefore, two-stage power transformation has filled 
in ubiquity, and by using a frontend DC-DC converter stage, 
it is equipped for tending to the downsides of single-stage 
inverters. To accomplish the structure of highest voltages, it 
enhances the lower PV voltage to a higher DC link voltage 
and afterward changes it over to AC. Besides, when 
contrasted with single-stage inverters, two-stage inverters 
achieve fewer series-associated PV panels and has good 
MPPT performance [13] - [16]. 

In the field of grid-tied low-power renewable energy 
systems, MLIs are gaining popularity. By connecting 
multiple DC sources in series, the PWM can sum up the 
output waveforms close to the sine wave. They are attaining 
attractiveness due to the demand for lower power devices, 
filtering components and high quality output power from a 
harmonics perspective. Therefore, they are the preferred 
choices to limit the problems associated with two-stage 
inverters. In the literature, cascaded H-Bridge (CHB), 
neutral-point clamped (NPC) and flying capacitor (FC) are 
the most common MLIs. The larger number of devices, the 
difficulty of balancing the DC voltage, and the increasing 
level of control complexity are limitations of these MLIs 
[17]-[18]. 
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A two-stage MLI for single-phase PV generating 
systems is presented in this article. The proposed topology 
incorporates a multilevel boost converter (MLBC) to 
increase the PV system voltage, which is then fed to the H-
bridge inverter through switches. Traditional sinusoidal 
pulse width modulation with level shifted carriers are 
employed for generating control pulses for the switches in 
the proposed topology. The detailed working principle and 
operating stages are presented in the following sections.  

PV 

Array
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LOAD/

GRID
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Temperature

MPPT
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Control
Circuit

Switching 
pulses

Δ

Seven 
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Fig. 1. Block diagram representation of the proposed solar PV Inverter 
system. 
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Fig. 2. Proposed seven-level inverter topology with boosting circuit.  

II. PROPOSED MULTILEVEL TOPOLOGY  

A. Construction of the proposed inverter: 

The solar PV arrays are connected in series and 
parallel to increase the voltage and current magnitudes 
respectively. But it is not feasible all the time to increase the 
series connected arrays to obtain the rated output voltage. 
Hence a multilevel boost converter (MLBC) is employed to 
boost the voltage to required level in the proposed topology. 
The fundamental schematic arrangement of the proposed 
two-stage seven-level PV inverter is shown in Figure 1. This 
two-stage configuration comprises of a MLBC, H-Bridge 
and series connected switches. The switches are employed to 
bridge the connection between the MLBC and the H-Bridge. 
The advantages of the proposed topology is that the voltage 
stress across the devices is low and the voltage across the dc 
link capacitors can be maintained at a desired value to yield 
symmetric seven-level voltage waveform across the output 
terminals. Clamping diodes are employed to ensure dc link 
capacitor voltage balancing. 

The proposed MLI topology can be divided into three 
stages such as source, MLBC and the Inverter topology. The 
solar PV array is used as the source and the output of the 
solar PV array is fed to a boost converter. The switch SB in 
the boost converter is operated at a high frequency in the 
range of 20kHz with 50 percent duty cycle such that the 
output voltage across the switch is twice the source voltage. 
This voltage is fed to MLBC where each capacitor is charged 

to this magnitude with the help of the switches SL1 to SL6 and 
clamping diodes.  

MLBC is the important component in the proposed 
topology and is responsible for the level generation. The 
capacitors C1, C2 and C3 are charged during zero voltage 
level of the output and is involved in generation of required 
voltage levels. The output of the solar PV array is fed to a 
boost converter which boost the voltage to twice the value of 
input. The capacitors C1, C2 and C3 are charged to this 
voltage by turning on the switches SL2, SL4 and SL6. Once 
the capacitors are charged, based on the required voltage to 
be generated, the capacitors are switched.  

  An N-level MLBC is a DC–DC converter based on 
pulse-width modulation (PWM) that combines a boost 
converter and the switching capacitor function to provide 
numerous output voltages. MLBC has the advantage of 
blocking just one voltage level per device, allowing high-
voltage to be achieved with low-voltage devices without the 
use of heavy duty cycles or transformers. The structure is 
modular, and depending on the output ac voltage demand, it 
can be extended to any number of voltage levels. A three-
level MLBC is used in the suggested topology. 
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Fig. 3. Modulation technique employed for the proposed topology and the 
corresponding gate pulses for the inverter switches.  

TABLE I.  SWITCHING STATES OF THE INVERTER 

State S1 S2 S3 S4 S5 S6 S7 
Voltage  

Magnitude 

Output  

Voltage 

1 1 0 0 1 1 0 0 V1+V2+V3 Vdc 
2 1 0 0 1 0 1 0 V2+V3 (2/3)Vdc 
3 1 0 0 1 0 0 1 V3 (1/3)Vdc 
4 1 1 0 0 0 0 0 

0 0 
5 0 0 1 1 0 0 0 
6 0 1 1 0 0 0 1 V3 -(1/3)Vdc 
7 0 1 1 0 0 1 0 V2+V3 -(2/3)Vdc 
8 0 1 1 0 1 0 0 V1+V2+V3 -Vdc 
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B. Modulation technique:  

The gate signals for the metal-oxide semiconductor 
field-effect transistor (MOSFET) semiconductor switches in 
inverter topology are generated by conventional sinusoidal 
PWM techniques. High frequency triangular carrier waves 
are compared with fundamental frequency sinusoidal 
reference signal to generate the control pulses. For seven 
level operation, the number of carrier waves required are 
six. These six carrier signals are level shifted one over the 
other with a magnitude equal to the magnitude of each 
carrier wave. Three carriers are used to generate pulses for 
switches operating during positive half cycle of the output 
voltage and hence these carriers are placed above the 
reference point. Similarly, the other three carriers are used 
for generating switching pulses for the switches 
participating in the negative half cycle and hence these 
carriers are placed below the reference line. Other sinusoidal 
PWM techniques such as level-shifted reference, phase-
shifted reference can be employed for the proposed 
topology. However the proposed topology yield lower 
harmonic distortion with level shifted carrier in-phase 
disposition sinusoidal PWM techniques compared to other 
modulation techniques and hence the same technique is 
employed to carry out the simulation studies. The 
modulation scheme employed and the switching pulses for 

the switches in the inverter circuit of the proposed topology 
are presented in Fig. 3. 

C. Operation of the proposed topology: 

The switches involved in generating various levels of 
output voltage across the load are presented in this section. 
To avoid the complexity in assessing the operation of the 
proposed topology, the MLBC circuit, MOSFET switch and 
the solar PV array are replaced with a single dc source with 
three dc link capacitors as shown in the fig. 4A.  

To analyse the operation of the proposed seven-stage 
inverter, the voltages across the DC-link capacitors are taken 
as V1, V2 and V3 across the capacitors C1, C2 and C3, 
respectively. The sum of the voltages across the three DC 
link capacitors (V1 + V2 + V3) is equal to the maximum 
amplitude of the output voltage. Since the voltage across 
each capacitor is equal, the magnitude of V1, V2, or V3 must 
be one-third of the total peak output voltage. Therefore, the 
boost converter in the MLBC is switched by the magnitude 
of the required output voltage. However the maximum 
voltage that can be produced with the boost converter is two 
times the input voltage. Hence in the present scenario, the 
switch SB can be switched with 50 percent duty cycle to 
produce output voltage twice the input voltage magnitude. 
However the switching duty of switch SB is dictated by the 
Maximum Power Point Tracking (MPPT) algorithm which 
consider the output voltage and current as control 
parameters.  
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Fig. 4. Simplified representation of the proposed topology and its operating modes.  

The voltage across each dc link capacitor is the same 
and such voltage is the magnitude of each voltage level of 
the output seven-level voltage. For easy understanding, we 
consider V1+V2+V3=Vdc which is equivalent to the peak 

output voltage magnitude and V1+V2=V2+V3= (2/3)Vdc. 
Similarly V1=V2=V3=(1/3)Vdc which is the magnitude of 
each voltage level in the output seven level voltage. 
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Switches S1, S2, S3 and S4 form the fundamental H-
Bridge and act as the polarity generator circuit. The switches 
S5, bidirectional switches S6 and S7 along with dc link 
capacitors will act as level generator circuit for the proposed 
seven level inverter. During positive voltage level generation 
across the load terminals A and B, switches S1 and S4 are 
turned-on. Similarly, switches S2 and S3 are turned-on 
during negative voltage level generation. The voltage 
magnitudes of +Vdc, +(2/3)Vdc, +(1/3)Vdc are produced 
across the load terminals A and B, when the switches S5, 
bidirectional switches S6 and S7 are turned on respectively. 
Switches S1 and S2 or S3 and S4 are turned-on to produce 
zero voltage level. The switches involved in the generation 
of seven-level voltage are presented in fig. 4.  

The switches involved and the path of the current for 
a voltage level of Vdc is presented in fig. 4B. During this 
level and the current flows from these dc link capacitors to 
the load through switches S5, S1 and S4. The current from 
load to source flow through the body diodes of the switches 
S5, S1 and S4. Since the free-wheeling of current due to the 
change in polarity or phase happens through the body diodes 
of the respective switches which are in conduction, they are 
not mentioned in the discussion further. Similarly, fig. 4C 
presents the current path for voltage level (2/3)Vdc. The 
capacitors C2 and C3 constitute the source and the current 
flows from these capacitors to load through bidirectional 
switch S6, switches S1 and S4. Fig. 4D presents the circuit 
for voltage level (1/3)Vdc. Capacitor C3 will act as source 
and the current flows from source to load through switches 
S7, S1 and S4.  

Similarly, the switches involved and the path of the 
current for a voltage level of -Vdc is presented in fig. 4E. 
During this level and the current flows from these dc link 
capacitors to the load through switches S5, S2 and S3. Fig. 
4F presents the current path for voltage level - (2/3)Vdc. The 
capacitors C2 and C3 constitute the source and the current 
flows from these capacitors to load through bidirectional 
switch S6, switches S2 and S3. Fig. 4G presents the circuit 
for voltage level (1/3)Vdc. Capacitor C3 will act as source 
and the current flows from source to load through switches 
S7, S2 and S3. The current free -wheels through switches S1 
and S2 or S3 and S4 during the zero voltage level and the 
corresponding circuits are presented in fig. 4H and 4I. 

III. SIMULATION RESULTS 

The selection of proper size of Inductor and capacitor are 
important for designing of MLBC. The inductor size is 
defined based on the amount of ripple content in the current 
and the capacitors size is defined by the permissible ripple 
content in the dc link voltage. The size of inductor can be 
calculated as LB = (VID)/(ΔII fsw), where VI is the input 
voltage, D is the duty cycle of the switch in the boost 
converter, ΔII  is the permissible ripple content in the input 
current and fsw is the switching frequency of the inverter. 
Similarly the size of the capacitor used in the MLBC can be 
determined by CX=(PR)/(4ΠfVdcΔVdc), where X ϵ 1, 2, 3, 4 
and 5, PR is the rated power, f is the power frequency, Vdc is 
the dc link voltage and the ΔVdc is the ripple in the dc link 
voltage. Since the value of inductor depends on the switching 
frequency fsw, the optimum value of the fsw could be around 
20 kHz for the proposed topology.  

Simulations are carried out with a load of PR = 2250W 
and the power factor considered is 0.5 lagging. A reactive 

load is considered for analysis to evaluate the performance of 
the proposed topology in handling reactive power. The input 
voltage VI is considered as 100V, with duty cycle of D=0.5, 
Vdc = 600V, and the input current II = 25A. With these 
values, the value of boost inductor LB is obtained as 0.5mH 
and the value of capacitance obtained is 996uF. An 
approximated value of 1000uF capacitance is for capacitors 
in MLBC circuit. The results for the output voltage, current, 
voltage across the capacitors in MLBC, dc link voltage, input 
dc voltage and the FFT analysis of the output voltages and 
currents are presented. 

0
200
400

-400
-200

0
2
4
6

-6
-4
-2

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

-600

600

8

-8

 
(A) 

100
80
60
40
20

100
80
60
40
20

100
80
60
40
20

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Voltage across capacitor C1

Voltage across capacitor C2

Voltage across capacitor C3

 

(B) 

600
400
200
0

100
80
60
40

12
9
6
3
0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

DC link Voltage Vdc

Input Voltage VI

Current through Inductor 

 
(C) 

 
(D) 

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL. Downloaded on June 09,2022 at 04:52:13 UTC from IEEE Xplore.  Restrictions apply. 



 

(E) 

Fig. 5. Simulation results of (A) output voltage and current waveforms, 
(B) Voltage across the capacitors forming DC link, (C) DC link voltage, 
input voltage and inductor current, (D) FFT analysis of output voltage 
without filter, (E) FFT analysis of output current without filter.  

C1

S1 S2

S3 S4

S6

S7

S5

A
LB

Solar 
PV 

Array-1
SB

L
o
a
d

C2

C3

D1

SL1
SL2

SL4
SL3

SL6

SL5

D2

D3

C1

S1 S2

S3 S4

S6

S7

S5

BLB

Solar 
PV 

Array-2
SB

C2

C3

D1

SL1
SL2

SL4
SL3

SL6

SL5

D2

D3

 
Fig. 6. Cascaded connection of the proposed topology.  

 
Fig. 7. Simulation results of the output voltage and current waveforms of 
the cascaded connection of the proposed topology for seven level operation.  

 The proposed topology can be cascaded to produce 
higher voltage magnitudes with increase in number of levels 
as well. A cascaded connection of the proposed topology is 
presented in fig. 6. The output voltage and current 
waveforms of the cascaded proposed topology operating in 
seven level mode and thirteen level mode are presented in 
fig. 7. The peak voltage magnitude in cascaded operation 
will be twice that of the individual operation of the proposed 
topology, however, the number of levels in the output is 
defined by the phase shift of the control signals of the 
individual units. The cascaded configuration can be operated 
in seven level mode by applying same control signals for 

respective switches in both the units. The switching signals 
fed to switches S1x and S2x (where  x ϵ 1, 2, 3, 4, 5, 6, 7), are 
same and the thirteen level mode is obtained by introducing 
a phase shift of 60 degrees in between the control signals of 
each unit and the corresponding output voltage and current 
are presented in fig. 8. 

 
Fig. 8. Simulation results of the output voltage and current waveforms of 
the cascaded connection of the proposed topology for thirteen-level 
operation.  

IV. COMPARISION OF PROPOSED TOPOLOGY 

The proposed topology is compared with conventional 
topologies with respect to the total number of swicthing 
devices, diodes, capacitors, dc sources, etc., in designing the 
inverter topology. The proposed topology employs least 
number of components in design of inverter topology 
compared to conventional topolgies and is suitable for solar 
PV applications.   

TABLE II.  COMPARISION TABLE FOR THE PROPOSED INVERTER 

Part Name NPC FC CHB 
Proposed 

Topology 

MOSFET 12 12 12 9 

Diodes 30 0 0 0 

Capacitors 6 21 3 3 

DC Sources 1 1 3 1 

V. CONCLUSION 

This study presents a two-stage seven-level inverter 
for solar PV systems. The inverter's input voltage is 
increased using a three-level boost converter. The suggested 
inverter is small in size but has a peak voltage magnitude of 
six times the input voltage across the output terminals. 
Control signals are generated using traditional sinusoidal 
pulse-width modulation techniques in the proposed 
architecture. The proposed topology is modular in design 
and may be expanded to provide larger voltage levels. To 
boost the output voltage magnitude, the proposed 
architecture can be cascaded. The performance of the 
proposed topology for higher voltage magnitude with seven 
and thirteen levels are also analyzed. Comparative analysis 
of the proposed topology with conventional topologies show 
that it requires least number of power circuit components for 
the inverter configuration. The simulation results prove that 
the proposed topology can be employed in solar PV 
applications.  
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Chapter 54
Comparative Study of Plain and Twisted
Ducts in Heat Transfer

M. Udaya Kumar and Gadi Karthik

Abstract The experimental and simulation investigations are meted out to review
heat transfer, friction characteristics of twisted and plain ducts. In the present work,
Reynolds number varied from 7000 to 40,000 the flowing fluid is considered as air.
Twisted duct is a new invention to reduce pressure drop and also increases heat
transfer. The practical work has meted out and also experimental setup depends on
plan of investigations to induce the best possible warmth transmit and less sig-
nificant in pressure fall. Then, numerous parameters are such as: hotness, flow
rapidity, mass flux, inserts. Twisted ratio of the duct is considered as 6.12. All
values and analysis are considered in terms of Nusselt number and Reynolds
number and friction factor. The outcome of the experiment shows that twisted duct
Nusselt number shows 1.90 times more than the plain duct and also thermal per-
formance of the twisted duct is obtained as 1.43. In this current work, numerical
simulations are performed by using ANSYS 18.2FLUENT. In the present work
hotness transmit, statistical flow patterns like heat transmit, frictional resistance
graphs of twisted and smooth ducts are studied.

54.1 Introduction

Heat exchangers are mechanical appliance to pass on warmth power from one
section to a different one by the use of exterior region. Al Mudhafa et al. [1]
numerically investigated about new modified webbed heat exchanger, and these
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Abstract 

  The main purpose of the present work  Metal spinning  experimentation is to produce 

low cost rapid prototypes, as it consumes less duration  and  best economy. This study  intends to 

define the critical parameters of spinning and optimize them using pure copper as the workpiece 

material. Design of experimentation is calculated using Taguchi methodology. The thickness of the 

workpiece, speed of the mandrel and the roller feed were considered as the three main spinning 

parameters. Regression model is framed by using statistical tool and analysis is done to compare the 

predicted values with the experimental results.  In the present work to findout the optimum 

conditions and   required components with good hardness and better surface finish.  

Keywords: Metal spinning, Hardness, Surface Roughness (SR), Regression analysis, Taguchi 

methodology 
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1. Introduction 

  Spinning is the process used for making cup shaped articles which are axi symmetric.The 

process of spinning consists of rotating the blank,fixed against the form block and then applying a 

gradually moving force on the blank so that the blank takes the shape of the form block. The 

machine is same as lathe in the head stock ,form block which has the shape of the desired part is 

fixed. The blank is held against the form block by means of the freely rotating block from the tail 

stock. After proper clamping the blank is rotated to its operating speed.The spinning speed depends 

on the blank material, thickness and complexity of the desired cup. Then roller type metallic tool is 

pressed and moved gradually on the blank so that it conforms to the shape of the form block.[1] . To 

produce a closed component, a spun shell could be made into halves which can be later welded to 

form a single unit without any complex or expensive tooling. 

Due to the nature of the metal spinning process, its products are limited to those with concentric, 

axially symmetric shapes such as hemispheres, cones, funnels, flanged covers, parabolas, stepped 

parts and dished heads. Moreover, the size of the available metal spinning equipment limits the 

maximum practical diameter of the components produced. 

Localized deformation of the material under the roller requires low forming forces. Moreover, simple 

and non-dedicated tooling provides flexibility and has the potential for net shape forming. Lastly, 

formed components have a high quality surface finish and improved mechanical strength[11] 

 

2. Literature review 

  The sheet metal spinning process has been frequently used to produce 

components for the automotive, aerospace, medical, construction, and defense industries . In recent 

years, novel spinning processes are being developed which challenges the limitation of traditional 

spinning technology being used for manufacturing axisymmetric, circular cross-section, and uniform 

wall-thickness parts [2, 4]. Xia [5] developed a 3D non-axisymmetric spinning process, in which the 

workpiece was free from the rotational motion during processing and the roller set was installed on 

the main spindle and rotated together with the main spindle of the machine. 

Kalpakcioglu proposed an idealized model to analyse the shear forming process whereby the disc 
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blank is visualized as consisting of concentric thin cylinder sliding over each other axially and 

forming a cone while at the same time fulfilling the sine law.[3]K Essa and P Hartley et al [6] studied 

that spinning process is efficient in producing components with good characteristics and there is 

great flexibility in the process with a relatively low tool cost. The investigation has defined the 

critical working parameters in spinning and their effects on product quality characteristics, and also 

optimized the working parameters on Aluminum. The example used is the conventional spinning of a 

cylindrical cup. Optimization of the process is undertaken through the use of statistical analysis tools 

applied to the data produced from three-dimensional finite element simulations of the process. 

Sreenivasulu.G., et al [7] presented a suitable multivariate optimization procedure in cone forming 

process of Aluminum. In this paper, the effect of process parameters on the spun part surfaces 

characteristics, such as radial and longitudinal strain distribution are examined. Sandeep Kamboj, et 

al[8] studied the effect of different types of tools such as roller wheel tool, taper roller wheel and 

sheep’s nose duck tools on spinning process using Aluminum as workpiece material 

MayurTapse, et al [9] reported about the different parameters of spinning process with which 

good surface quality and good dimensional accuracy of the product is achieved. In this paper, 

classification of spinning, spinning terminology, design parameter and its consideration are 

introduced.Cheng et al. [10] developed a near-net shape forming process for manufacturing six-

wedge belt pulleys by using 08AL steel sheets of 2.5 mm in thickness 

A rigid tool is used to exercise manual spinning operation, which completely is predicated on 

one's skills. The equal practice is conducted on a manual lathe machine which results in material 

failure. Hence a soft tool, which is spring-loaded is required to overcome defects of the rigid tool 

[11] 

 

3. Experimental Procedure 
  Over the last few decades, sheet metal spinning has developed significantly and spun 

products have been widely used in various industries. Although the spinning process has already 

been known for centuries, the process design still highly relies on experienced spinners using Trial-

and-error. Challenges remain to achieve high product dimensional accuracy and Prevent material 

failures[12].Trials were done on copper on robust general lathe and listed in thetable1. Mandrel with 

an angle 64
0
 as shown in fig 1a was considered for the experiments and the roller of hardened EN24 

with diameter 62mm shown in fig 1b  was used as the tool. The work pieces with different diameters 

were cut using abrasive water jet machine (AWJM) of OMAX 5500 series. The sheets were cut with 

a pressure of 3300 bar and with a abrasive flow rate of 0.45 kg/min. As illustrated in fig 1c , mandrel 

was held in the 4 jaw chuck and tailstock live centre was held in the tailstock to support the blank. 

Spinning roller was mounted on tool holder and which in turn was tightly secured on the saddle. The 

blank was clamped between the mandrel and tailstock holder. When spindle speed was given to 

mandrel, then mandrel and blank started rotating together along with the tailstock holder at high 

speed. Contact surfaces and cross slide were initially cleaned. It was ensured that the roller axis was 

parallel to the mandrel surface with help of dial gauge. Accurate adjustment of the cross slide was 

then effected so that the gap between the point of contact of the roller and the mandrel was the 

desired wall thickness of formed cup. When roller was pressed on the blank, forces were generated 

which caused the flow of the bank over the mandrel. 

      
Fig 1a 64

0
   Mandrel                       Fig 1bRoller of Dia                        Fig 1c Metal Spinning 

PARAMETERS TRIAL 1 TRIAL 2 
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Spindle speed 500 rpm 400 rpm 

Dimensions Ø200mm, thickness 2mm Ø200mm, thickness 1.5mm 

Depth of cut 1mm 1mm 

Observations Radial crack was observed at the end of 

the blank. This was occurred as the roller 

has been moved up to the end of the 

mandrel. The surface finish of the 

component was good as shown in the  

Figure 2a 

The surface finish of 

component was good up to 

the first pass. Steps were 

observed at the end of each 

step as shown in the figure 2b 

 

 
Figure 2a Trial 1 

 
Figure 2b Trail 2 

Table 1: Trials on Copper material 

Based on the observations, Experimentation Taguchi’s method is used to design the experiments to 

know the effect of different process parameters on the performance measures. L9 orthogonal array is 

used, process parameters considered are spindle speed, feed rate of the roller and blank thickness 

shown in the table 2  whereas the performance measures are the surface finish of the final 

component, hardness before and after the spinning process that is the increase in hardness. These 

experiments were conducted on pure Copper. The mandrel used here is of an angle 60
o
. 

S No.     Thickness (mm)    Speed (rpm) Feed (mm/rev) 

1 0.8 200 0.06 

2 2 210 0.2 

3 4 240 0.3 

Table 2.Variable parameters and their values. 

The initial hardness of the blank and the final hardness of the formed component were tested using 

process hardness testing machine Subsequently surface roughness also be tested 

 

4. Results and discussions 

  In this section, the effect of the process parameters such as: thickness,speed, feed on 

the surface roughness and Increase in Hardness is analyzed by using Minitab 19 Software. 

Experimental results of pure copper are shown in Table 3.  

 
Table 3. Experimental results (HR& SR) on  Pure copper 

4.1 The effect of the variable parameters on the Increase in Hardness 

  Figure  3 gives the variation of hardness with respect to speed, feed and thickness. It 
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can be noticed that the increase in hardness is very low for the sheet with thickness 4mm. The sheet 

with thickness 0.8mm shows a good increase in hardness when compared to the other two sheets. For 

a speed of 210rpm, an increase in hardness was observed. It also shows that when feed is decreased, 

the hardness also decreased. It is noticed that the increase in hardness is maximum at feed 

0.06mm/rev. 

 
Figure 3 Variation of HR with process parameters 

4.2 The effect of the variable parameters on the surface roughness 

  The effect of various parameters on surface roughness is shown in figure 4. It can be 

noticed from the graph that when the thickness of the sheet changes from 0.8mm to 2mm there is a 

decrease in the Ra value and further decreases when the thickness changes from 2mm to 4mm. With 

respect to speed, the minimum value of the surface roughness is observed at 200rpm and the next 

minimum at 210 rpm. The minimum value of Ra is noticed at 0.06mm/rev, next value at 0.3mm/rev 

and then at 0.2mm/rev. 

 
Figure4. Variation of SR with process parameters 

4.3 Regression Model 

The regression model generated for Increase in Hardness and SR are given below 

INCREASE IN HARDNESS (BHN) = 177.59-(9.49*Thickness)  ㅡ (1) 

SURFACE ROUGHNESS (µm) = 1.4401-(0.0824*Thickness)      ㅡ (2) 

From the figure 5a and 5bthe observations is that 73.86% of the variation in the increase in hardness 

can be explained by the generated regression model and 87.69% of the variation in the surface 

roughness can be explained by the generated regression model. For both Surface roughness and 

Hardness thickness is in the fitted equation that models the relationship between the input and output 

variables. 
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Fig. 5(a) Fitness variation for hardness Fig. 5(b) Fitness variation forSR 

 

4.4 Impact of Variables on Hardness and Surface Roughness 

  Incremental impact of variables on Increase in Hardness and SR are also studied to 

know about which variable plays most significant role. Figure 6(a) shows that speed is insignificant, 

feed and thickness plays prominent role to enhance Hardness. Figure 6(b)It is clear from the graph of 

incremental impact of X variables, the long blue bar that the thickness has more impact on the 

surface roughness when compared with the other two parametersshows while increasing jet pressure 

which influences better surface finish is obtained by considering sufficient feed rate is maintained 

 
Fig. 6. (a) Incremental impact of variables on Hardness6(b) Incremental impact of variables on SR     

4.5Maximization of Hardness 

 
Fig 7: Graph showing parameter level vs S/N ratios for increase in hardness 

Figure 7 shows the graph plotted between parameter level and S/N ratios for increase in hardness. 

From the table 4, it can be noticed that the delta value is more for the thickness parameter when 

compared with the other parameters. Therefore, it can be concluded that the thickness is the 

dominating parameter for the maximum variation of hardness whereas feed is less dominating 

parameter. From the response table 4, the maximum variation is considered as the optimum value. 

Hence, it can be concluded that by spinning a 0.8 mm thickness sheet at 210 rpm speed and 0.06 

mm/rev feed, maximum increase in hardness will be obtained.  

Level Thickness(mm) Speed(rpm) Feed(mm/rev) 
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1 44.7 43.75 44.07 

2 43.83 44.17 43.91 

3 42.96 43.56 43.5 

Delta 1.74 0.61 0.57 

Ranking 1 2 3 

Table 4.Response table for maximization of hardness (larger is better) 

4.6 Minimization of Surface Roughness 

 
Fig 8: Graph showing parameter level vs S/N ratios for surface roughness 

  Figure 8 shows the graph plotted between parameter level and S/N ratios for surface 

roughness. From table 5, it can be noticed that the delta value is more for the thickness parameter 

when compared with the other parameters. Therefore, it can be concluded that the thickness is the 

dominating parameter for the minimization of surface roughness whereas speed is less dominating 

parameter. From the response table 5, the maximum variation is considered as the optimum value. 

Hence, it can be concluded that by spinning a 4 mm thickness sheet at 200 rpm speed and 0.06 

mm/rev feed, minimum surface roughness will be obtained.  

Level Thickness(mm) Speed(rpm) Feed(mm/rev) 

1 -2.7516 -1.7258 -1.6598 

2 -2.1204 -1.9161 -2.1405 

3 -0.8964 -2.1265 -1.9681 

Delta 1.8552 0.4006 0.4807 

Ranking 1 3 2 

Table 5: Response table for minimum surface roughness (Smaller is better) 

Validation of Experimental values versus predicted values is plotted in a graph and figure 9(a) and 

9(b) no high differences or errors are seen .These indicate that the developed models satisfactorily 

represent the outputs. 

 
Fig. 9(a) Validation chart on HR9(b) Validation chart on SR 

Conclusions 

The following significant conclusions are drawn from the present work 

1 2 3 4 5 6 7 8 9 

Series1 180 176 161 156 160 151 131 151 142 

Series2 170 170 170 159 159 159 140 140 140 
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1. From both Taguchi methodology and regression analysis, it can be concluded that 

thickness is the most significant parameter influencing the hardness and surface roughness. 

2. From the Taguchi methodology, maximum increase in hardness is obtained for 0.8mm 

sheet thickness, at 210rpm speed and 0.06mm/rev roller feed. 

3. Minimum surface roughness is obtained for 4mm thickness sheet at 200rpm speed and 

0.06mm/rev feed. 

4. By using Regression analysis, it has been observed that the fitness variationis 73.86%for 

Hardness and 87.69 % for Surface roughnessis obtained  
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